Most human malignant glioma cell lines are susceptible to CD95 ligand (CD95L)-induced apoptosis. Here, we report that glioma cells are also susceptible to the cytotoxic effects of exogenous C2-ceramide. This form of cell death exhibits some morphological features of apoptosis as assessed by electron microscopy, but is unaffected by the broad spectrum caspase inhibitor, zVAD-fmk. Further, CD95L-induced apoptosis is synergistically enhanced by coexposure of the glioma cells to CD95L and C2-ceramide. CD95L-induced caspase 3-like activity, cytochrome c release and cleavage of caspases 3, 8, 9 and poly(ADP-ribose)polymerase (PARP) increase substantially after cotreatment with CD95L and C2-ceramide compared with CD95L treatment alone. None of these events occur in response to cytotoxic concentrations of C2-ceramide alone. C2-ceramide does not alter CD95 expression. Gene transfer-mediated enhancement of CD95 expression results not only in increased susceptibility to CD95L, but also in increased sensitivity to C2-ceramide. We conclude that (i) synergistic induction of apoptosis by C2-ceramide and CD95L depend on a cross-talk between the two signal transduction pathways and that (ii) C2-ceramide, independently of its sensitizing effects on CD95-dependent caspase activation, is also capable of triggering an apoptotic signaling cascade that is unaffected by zVAD-fmk-mediated caspase inhibition, but promoted by high levels of CD95 expression. Cell Death and Differentiation (2001) 8, 595 ± 602.
Introduction
Ceramide, a sphingosine-based lipid, is produced in cells upon hydrolysis of sphingomyelin or by de novo synthesis. 1 The hydrolysis of sphingomyelin occurs via the catalytic action of two enzymes, neutral and acidic sphingomyelinase. Cytokines such as tumor necrosis factor (TNF), corticosteroids such as dexamethasone or ionizing radiation activate sphingomyelinases in certain cell types. 2 ± 4 Moreover, numerous studies have described intracellular ceramide accumulation upon triggering of apoptotic death signaling, e.g., during activation of the death receptor, CD95.
2,5 ± 9 It has been suggested that endogenous ceramide activates stress-activated protein kinases/Jun-Nterminal kinase (SAPK/JNK) and the Ras/Raf1-signaling pathway, resulting in the activation of phospholipase A 2 and the synthesis of arachidonic acid.
6,10 ± 13 The involvement of ceramide-activated protein kinase (CAPK), ceramide-activated protein phosphatase (CAPP) and, importantly, caspases in ceramide signaling has also been postulated. 14 ± 16 Short chain analogs of ceramide, in particular C2-and C6-ceramide, may mimic some of the signaling aspects of endogenous ceramide. However, since these analogs are water-soluble whereas endogenous ceramide is one of the most hydrophobic molecules in the cell, it is unlikely that these analogs match closely all biological effects of endogenous ceramide. In any case, C2-ceramide is an interesting tool to study apoptosis of tumor cells since C2-ceramide efficiently triggers apoptosis in almost any cell.
The susceptibility of human malignant glioma cell lines to ceramide-induced apoptosis has been described. 17, 18 Similar to our previous data on CD95-mediated apoptosis 19 and to the work on C2-ceramide cytotoxicity reported here (Figure 1 ), T98G, U87MG and SF126 glioma cells, although resistant to radiation-induced apoptosis, were sensitive to C2-ceramide and to CD95-mediated apoptosis. 18 In contrast to CD95-mediated apoptosis, C2-ceramide-induced glioma cell death was inhibited by coexposure to an inhibitor of protein synthesis, cycloheximide. 17 Conversely, both were inhibited by ectopic expression of the protooncogene product, bcl-2.
Results
Human malignant glioma cell lines are susceptible to C2-ceramide-induced cytotoxicity
We examined the cytotoxic activity of C2-ceramide, a cell permeable synthetic analog of ceramide, 8 in 12 human malignant glioma cell lines. Figure 1 shows percentages of survival after a 24 h treatment with C2-ceramide at 17 or 50 mM. All cell lines were resistant to ceramide at 17 mM. Exposure to C2-ceramide at 50 mM disclosed that glioma cell lines are differentially susceptible to C2-ceramide-induced cell death. LN-18, U87MG, T98G and LN-229 cells were rather sensitive to C2-ceramide-induced cytotoxicity. In contrast, C2-ceramide at 50 mM failed to significantly reduce the viability of D247, LN-319 and U373MG cells (P40.05, ttest). The remaining cell lines exhibited moderate sensitivity to C2-ceramide. This panel of glioma cell lines has been previously characterized for sensitivity to cytotoxic cytokines such as CD95L or Apo2 ligand (Apo2L)/tumor necrosis factorrelated apoptosis-inducing ligand (TRAIL) 21 and cancer chemotherapy drugs. 22 Interestingly, a comparison of the susceptibility of glioma cells to ceramide and CD95L or Apo2L/TRAIL revealed a similar pattern of sensitivity. The cell lines most sensitive to C2-ceramide, LN-18, U87MG, T98G and LN-229, were also sensitive to CD95L and Apo2L/TRAIL. Conversely, the ceramide-resistant cell lines were mostly cross-resistant to CD95L and Apo2L/TRAIL. A statistical analysis demonstrated a weak positive correlation between sensitivity to C2-ceramide (50 mM) and CD95L (100 U/ml) (r=0.6, P50.05) or Apo2L/TRAIL (1 mg/ml; r=0.6, P50.05). In contrast, no interrelation for C2-ceramide sensitivity and sensitivity to various cancer chemotherapy drugs was apparent (data not shown). We have recently described a subline of LN-18 which is resistant to CD95L and Apo2L/ TRAIL presumably because of defective processing of proximal caspases, notably caspase 8. 23 These cells did not acquire cross-resistance to C2-ceramide cytotoxicity ( Figure  1B) .
Next, we performed electron microscopic studies to elucidate the mode of cell death caused by C2-ceramide. Compared with untreated LN-18 cells (Figure 2A ), exposure to C2-ceramide resulted in morphological alterations typical of apoptosis, e.g., membrane blebbing, strong cytoplasmic vacuolization with cellular rounding and condensation of chromatin ( Figure 2B ). However, the nuclear changes were less prominent than previously observed and confirmed here for CD95-mediated apoptosis ( Figure 2D ). The coexposure to C2-ceramide and CD95L or to CD95L alone produced a classical apoptotic phenotype ( Figure  2C ,D). That apoptotic nuclear changes were not prominent in cells treated with C2-ceramide only, was consistent with the observation that less than 10% of C2-ceramide-treated cells showed nuclear condensation by DAPI staining (data not shown).
Synergistic enhancement of C2-ceramide-and CD95L-induced cell death
To further characterize possible interactions of C2-ceramide-and CD95-mediated cell death, we examined the effects of coexposure of the glioma cells to C2-ceramide and CD95L. There were substantial increases in cytotoxicity after coexposure to ceramide and CD95L compared with exposure to either agent alone. To differentiate whether enhanced cell death in response to C2-ceramide and CD95L was additive or synergistic, we employed the fractional product method. 24 Here, the effect of two independently acting agents is defined as the product of the unaffected fractions after treatment with either drug alone [f u (1,2)=f u (1)6f u (2) ]. This formula allows to calculate the predicted effect of co-treatment, based on the assumption that two agents do not interact or cooperate in inducing their effects. If the relative percentage of surviving cells is significantly below the predicted effect after cotreatment with the two drugs, then synergy is postulated. Synergy was observed in both cell lines at various combinations of different concentrations of C2-ceramide and CD95L ( Figure 3 ). Similar synergistic interactions between C2-ceramide and CD95L were observed in LN-229 and LN-308 cells (data not shown). To demonstrate that the major mode of synergistically induced cell death was apoptosis, we measured DNA fragmentation in LN-229 glioma cells after treatment with C2-ceramide, CD95L or both. In accordance with the cytotoxicity rates shown in Figure 3 , synergistic effects (defined as difference between observed effects and calculated predicted effects) ranging between 10 and 25% were observed (data not shown). Using this assay, no DNA fragmentation was observed after treatment of cells with C2-ceramide alone (50 mM) for 8 h or 16 h (data not shown).
C2-ceramide kills glioma cells independently of zVAD-fmk-sensitive caspase activation, but enhances CD95L-evoked DEVD-amc-cleaving caspase activity
To examine the role of caspase activation in the apoptosis of human malignant glioma cells induced by C2-ceramide alone or by co-treatment with C2-ceramide and CD95L, we treated LN-18 and T98G cells with C2-ceramide or CD95L in the presence of a broad spectrum caspase inhibitor, zVAD-fmk. Figure 4A shows that zVAD-fmk abrogated CD95L-induced apoptosis, but had no effect on C2-ceramide-induced apoptosis. Next, we were interested in the effects of C2-ceramide on CD95L-mediated caspase activation. Therefore, we examined whether triggering of caspase 3-like protease activity by CD95L was augmented in glioma cells coexposed to CD95L and C2-ceramide. Figure 4B shows that treatment with CD95L induced substantial DEVD-amc-cleaving caspase activity in LN-18 and T98G glioma cells and that this activity was significantly enhanced by coincubation with CD95L and C2-ceramide for 6 h. No significant change in DEVD-amc-cleaving caspase activity was detected in glioma cells treated with C2-ceramide alone. Importantly, ceramide was used in the same concentration (50 mM) that induced substantial cytotoxicity in these cell lines at 24 h (see Figure  1 ). Note that a value of 1 in Figure 4B indicates the absence of a change of caspase activity and that there was also no increase in caspase activity in response to C2-ceramide alone at later time points (12 and 24 h) (data not shown).
C2-ceramide augments CD95L-induced cleavage of caspase 3, 8 and 9 and PARP and CD95L-induced cytochrome c release from mitochondria
Prompted by the finding that DEVD-amc-cleaving caspase activity upon CD95 ligation was potentiated by C2-ceramide ( Figure 4B ), we determined whether C2-ceramide coincubation would also lead to enhanced caspase processing as determined by immunoblot analysis. Figure 5A ,B and C demonstrate that C2-ceramide alone, although used at cytotoxic concentrations (50 mM), did not induce the cleavage of caspases 3, 8 or 9 in glioma cells. In contrast, treatment of LN-18 and T98G glioma cells with CD95L resulted in the cleavage of all three caspases examined. The proteolytic subunits of cleaved caspases are In accordance with the fluorimetric findings, CD95-mediated cleavage of caspases 3, 8 and 9 in the glioma cells was significantly enhanced after co-treatment with CD95L and C2-ceramide in both cell lines. Similarly, PARP cleavage was not induced by treatment with C2-ceramide alone, but significantly enhanced by coexposure of glioma cells to CD95L and C2-ceramide compared with treatment with CD95L alone ( Figure 5D ). The PARP cleavage product migrates as a 85 kD fragment. DNA fragmentation factor (DFF45), another caspase substrate, revealed a similar pattern of enhanced cleavage after treatment of cells with C2-ceramide and CD95L (data not shown). Further, mitochondrial cytochrome c release, an important positive feedback pathway for caspase activation during apoptosis, was not promoted by C2-ceramide alone in either cell line, but was strongly enhanced by C2-ceramide in CD95L-treated cells compared with cells exposed to CD95L alone ( Figure 5E ).
CD95 expression is not regulated by C2-ceramide, but enhanced CD95 expression sensitizes glioma cells to C2-ceramide-induced cell death
One possible mechanism of synergy between C2-ceramide and CD95L would be a C2-ceramide-induced enhancement of CD95 expression in glioma cells, thereby facilitating CD95-dependent signaling. Flow cytometric determination of CD95 expression in LN-18 and T98G glioma cells that were untreated or exposed to C2-ceramide for 3 or 6 h revealed no significant change ( Figure 6A ). We also asked whether altering the level of CD95 expression would influence the Figure 4 Ceramide cytotoxicity is not blocked by a broad spectrum caspase inhibitor, but CD95L-induced DEVD-amc cleavage is potentiated by C2-ceramide. (A) LN-18 or T98G cells were exposed to C2-ceramide (Cer, 50 mM) or CD95L (LN-18, 25 U/ml; T98G, 100 U/ml) for 16 h in the absence or presence of zVAD-fmk (100 mM) (mean+S.D., n=3, *P50.05, t-test). B. LN-18 or T98G cells were treated with C2-ceramide (50 mM), CD95L (30 U/ml) or both for 4 h. DEVD-amc-cleaving caspase activity was determined using a fluorometric assay (mean+S.D., n=3) susceptibility of glioma cells to C2-ceramide. Thus, we transfected both cell lines with a CD95-encoding expression plasmid. 25 Transfection resulted in strongly enhanced expression of CD95 at the cell surface ( Figure 6B ). Compared with neo control cells, CD95-transfected glioma cells were more sensitive to CD95L-induced apoptosis ( Figure 6C,D) . Curiously, LN-18 and T98G cells engineered to express high levels of CD95 also exhibited increased sensitivity to C2-ceramide. Further, when the cells were pretreated with a broad spectrum caspase inhibitor, zVADfmk, CD95L-induced apoptosis, but not C2-ceramidemediated cell death was inhibited, indicating that even enhanced killing of CD95-transfected cells by C2-ceramide was unaffected by inhibition of zVAD-fmk-sensitive caspases.
Discussion
The present study shows that several human malignant glioma cell lines are susceptible to cell death induced by exogenous C2-ceramide ( Figure 1) . As assessed by electron microscopy, cell death upon treatment with C2-ceramide exhibited some typical features of apoptosis although cytoplasmic apoptosis was more prominent than nuclear apoptosis (Figure 2) . Importantly, coexposure of glioma cells to C2-ceramide and CD95L resulted in synergistic cytotoxicity (Figure 3) , indicating a cross-talk between C2-ceramide and CD95 signaling. This synergy involved a ceramide-mediated increase (i) of the CD95L-induced processing of multiple caspases ( Figure 5A ± C) , (ii) of the cleavage of caspase substrates, PARP ( Figure 5D ) and DFF45 (not shown), and (iii) of cytochrome c release from mitochondria into the cytosol ( Figure 5E ). C2-ceramide alone failed to induce either of these events of CD95-mediated apoptosis, even at cytotoxic concentrations, indicating that C2-ceramide signals a caspase-independent mode of apoptosis. That treatment of glioma cells with C2-ceramide alone did not result in DNA fragmentation is consistent with the failure to process DFF45 and indicates an important role of DFF45 in apoptosisassociated DNA fragmentation in glioma cells. Enforcing CD95 expression by gene transfer enhanced the sensitivity of glioma cells to C2-ceramide, and this sensitization mediated by elevated CD95 levels also required no caspase activation ( Figure 6 ).
Taken together, we describe an interaction between C2-ceramide and an as yet unknown target in the CD95 signaling cascade that leads to a facilitation of CD95-dependent signaling elements although C2-ceramide alone is not capable of activating this signaling pathway in glioma cells. In response to an adequate trigger, e.g., cross-linking of CD95, the apoptotic signal is transduced much more efficiently than without that priming. Further, we delineate a C2-ceramide-dependent apoptotic cell death pathway in glioma cells that is not associated with caspase activation or release of cytochrome c from mitochondria and is unaffected by the broad spectrum inhibitor, zVAD-fmk. Consistent with a proximal independence of CD95L-induced apoptosis and the C2-ceramidetriggered death pathway, LN-18 cells selected for resistance to cytotoxic cytokines do not acquire crossresistance to C2-ceramide (Figure 1) . Curiously, this pathway was facilitated by enhanced CD95 expression but the sensitization was not reversed by caspase inhibition (Figure 6 ). Thus, in that pathway, there may either be activation of hitherto unknown caspases which are not sensitive to zVAD-fmk, or, alternatively, CD95 may provide non-caspase signaling events to confer enhanced sensitivity to C2-ceramide.
C2-ceramide and CD95 signaling pathways may also converge at the death inducing signaling complex (DISC). In that regard, Holler et al. 26 demonstrated that CD95L induces a caspase-independent cell death pathway by recruiting receptor-interacting protein (RIP), in addition to FADD, to the DISC. It is tempting to speculate that the C2-ceramide-induced cell death pathway also employs RIP or another DISC-related unidentified protein. This could explain why ectopic expression of CD95 in glioma cells resulted in potentiation of C2-ceramide-induced, caspase-independent cell death. On the other hand, a ceramide-mediated modification of the DISC could also promote the classical CD95 signaling cascade. Other molecules that might be targeted by ceramide include caspases or inhibitors of caspases, JNK, 10,12 a ceramideactivated proline-directed protein kinase, 27 Raf-K 28 and a phosphatase. 29 Furthermore, the C2-ceramide-triggered signaling cascade may interact with the arachidonic acid metabolites generated during CD95-mediated apoptosis in glioma cells, 30 thereby potentiating proapoptotic signal events. A similar interaction has been described previously when C2-ceramide elicited a minor increase in secretory phospholipase A2 (sPLA2) and potentiated the induction of sPLA2 by TNF-alpha. 31 However, it is important to bear in mind that short-chain C2-ceramide may not resemble the properties of endogenous ceramide too closely and might induce signaling events that are different from the signaling pathways triggered by endogenously produced longer-chain (C16) ceramides. 32 Previously we have reported that C2-ceramide-mediated apoptosis of glioma cells was inhibited by bcl-2. 17 This raises the challenging question how bcl-2 acts to inhibit the ceramide-induced, caspase-independent cell death signaling. There is increasing evidence that bcl-2 interferes with mitochondria at the level of formation or detoxification of reactive oxygen species, calcium metabolism or the activity of apoptosis-inducing factor (AIF). These processes may be involved in caspase-independent pathways of cell death. For example, AIF is released from the mitochondrial interspace membrane and leads to disruption of the mitochondrial membrane potential in a zVAD-insensitive manner. 33 Alternatively, bcl-2 could participate in the regulation of noncaspase proteases such as serin proteases, calpains or cathepsins. 34 Interestingly, bcl-2 has also been demonstrated to inhibit NO-induced caspase-independent cell death. 35 Therefore, a role of bcl-2 in the inhibition of caspase-independent cell death appears conceivable (C,D) CD95-transfected or neo control cells of the lines LN-18 and T98G were exposed to C2-ceramide (50 mM) or CD95L (LN-18, 25 U/ml; T98G, 100 U/ml) for 16 h in the absence or presence of the broad spectrum caspase inhibitor, zVAD-fmk, at 100 mM. Data are expressed as mean percentages and S.D. of survival ( + P50.05, t-test, difference between neo and CD95-transfected cells; *P50.05, t-test, effect of zVAD-fmk) although the mechanisms of bcl-2-afforded protection from cell death as well as the modes of caspase-independent apoptosis have not been entirely understood.
Materials and Methods
Cell culture, transfections and viability assay
All human malignant glioma cell lines were kindly provided by Dr. N de Tribolet (Lausanne, Switzerland). The cells were maintained in DMEM containing 10% fetal calf serum, 2 mM glutamine and antibiotics. LN-18 and T98G glioma cells engineered to express enhanced levels of CD95 (APO-1) were obtained by lipofection with SuperFect (Qiagen, Hilden, Germany) using the human CD95 (APO-1)-containing BCMGS expression vector that harbours a neomycin (neo) resistance gene. 25 Control cells were transfected with the BCMGS neo control plasmid. The cells were selected with neomycin (500 mg/ml), starting 48 h after transfection. All experiments were carried out with pooled transfectants to avoid cloning or selection artifacts.
Glioma cell viability was measured by crystal violet staining. Briefly, the cell culture medium was removed and surviving cells were stained with 0.5% crystal violet in 20% methanol for 20 min at room temperature. The plates were washed extensively under running tap water and air-dried. Optical density was measured in an ELISA reader at 550 nm wave length. Soluble CD95L was obtained from murine CD95L-transfected N2A neuroblastoma cells. 36 Cycloheximide was purchased from Sigma (Deisenhofen, Germany). C2-ceramide was from Calbiochem (Bad Soden, Germany). Ac-DEVD-amc and zVADfmk were obtained from Bachem (Heidelberg, Germany).
Determination of DNA fragmentation and chromatin condensation
The cells were seeded in 6-well plates. DNA fragmentation was measured by quantitative DNA fluorometry after 24 h exposure to C2-ceramide (50 mM), CD95L (40 U/ml) or both as outlined before. 37 Nuclear morphology (chromatin condensation) was assessed by 4',6-diamidine-2'-phenylindole dihydrochloride (DAPI) staining.
Detection of CD95 expression
For flow cytometric analysis of CD95 expression, glioma cells were detached from the culture dishes, harvested into ice-cold complete medium containing 10% fetal calf serum, centrifuged and resuspended in flow cytometry buffer (1% bovine serum albumin/PBS/0.01% sodium azide). Subsequently UB2 anti-CD95 antibody (1 mg/ml) was added per sample (10 6 cells) or, as a control, mouse IgG 1 . After washing, samples were labeled with sheep-anti-mouse IgG-FITC, washed, resuspended in 300 ml PBS containing 1% formaldehyde and stored light-protected at 48C prior to analysis by a Becton Dickinson FACScalibur cytometer. The specific fluorescence index (SFI) was calculated as the ratio of the mean fluorescence values obtained with the specific CD95 antibody and the isotype control antibody. 25 
Immunoblot analysis
Soluble protein lysates were obtained from subconfluent glioma cell cultures. SDS ± PAGE was performed as described. 36 Caspase 8 antibody C15 (mouse monoclonal) was kindly provided by Dr. PH Krammer (Heidelberg, Germany). Caspase 3 antibody (mouse monoclonal) was obtained from Transduction Laboratories (Lexington, KY, USA). Caspase 9 antibody was kindly provided by Dr. Y Lazebnik (Cold Spring Harbor, NY, USA). 38 PARP antibody was purchased from Boehringer (Mannheim, Germany). Cytochrome c antibody was from PharMingen (San Diego, CA, USA). The secondary antibodies, protein A and anti-mouse IgG, were purchased from Amersham (Braunschweig, Germany). Enhanced chemiluminescence (ECL, Amersham) was used for detection.
Electron microscopy
Ultrastructural analysis of C2-ceramide-and CD95L-induced cell death at 8 h after treatment as indicated was assessed by transmission electron microscopy as previously described. 39 
Measurement of cytochrome c release
Glioma cells were exposed to C2-ceramide, washed with PBS and lysed for 5 min at 48C with buffer containing 210 mM D-mannitol, 70 mM sucrose, 10 mM HEPES, 200 mM EGTA, 5 mM succinate, 0.15% BSA and 40 mg/ml digitonin. After lysis, the supernatant (cytosolic fraction) was centrifuged for 10 min at 13 000 r.p.m. The supernatant was incubated with an equal volume of 10% trichloroacetic acid. The samples were kept at 7208C for 30 min and then centrifuged for 10 min at 13 000 r.p.m. The pellets were resuspended in Laemmli buffer and analyzed for cytochrome c content by immunoblot analysis.
Caspase 3-like enzymatic activity
Assessment of caspase 3-like activity was performed as previously described. 40 Briefly, the glioma cells were seeded in 96-well plates (10 000 cells per well), allowed to attach for 24 h and exposed to C2-ceramide for 6 h. The cells were lysed in lysis buffer for 10 min. Subsequently, the substrate, acetyl-Asp-Glu-Val-Asp-chloromethyl coumarine (Ac-DEVD-amc, 12.5 mM), was diluted in PBS and added to the lysates. After an incubation period for 30 min at 378C, DEVDamc-cleaving (caspase 3-like) activity was measured using a CytoFluor 2350 Millipore fluorometer at 360 nm excitation and 480 nm emission wave lengths.
Statistical analysis
The significance of effects on viability in simple assays was assessed by t-test (P=0.05). Synergy was assessed by the fractional product method. 24 A correlation between C2-ceramide sensitivity and sensitivity to CD95L or Apo2L/TRAIL was assessed by linear correlation analysis.
